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Introduction

Actin microfilaments are critical for normal growth and differentiation. Normal
cell morphology is maintained and regulated by actin microfilaments. The presence of
disorganized or poorly structured microfilaments is a prominent feature of many
transformed cells. In addition, microfilaments regulate cell division, cell motility and
intracellular transport. Downregulation of microfilament-associated proteins, such as
tropomyosins (TMs) is hypothesized to result in the formation of functionally aberrant
microfilaments, thus contributing to the manifestation of the malignant cells. Previous
studies from this laboratory have identified that: 1) Tropomyosin-1 (TM 1) is a suppressor
of the transformed phenotype, and; 2) TMI is consistently abolished in a large number of
breast carcinoma cells that are tested. The main objectives of the proposed research are
to assess the expression of TMI in the tissue specimens of breast cancer patients and to
investigate whether TM1 functions as a suppressor of the malignant growth of breast
cancer.
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Annual Summary

Technical Objective 1: Analysis of TM1 expression in human malignant breast tumors
and benign lesions, and normal breast tissues:

Normal mammary epithelial cells elaborate multiple isoforms of TMs [1, 2]. The
spontaneously transformed breast cancer cells were shown to exhibit severe deficiency in
TM expression, with the expression of several TMs is either downregulated or
completely abolished. For example, TM38 protein is expressed in MDA MB231 cells,
but found to be absent in MCF-7 cells. Expression of TM1, however, was consistently
lacking in all of the breast carcinoma cell lines tested, indicating that TM 1 suppression
could be a common event during mammary carcinogenesis. Based on these data, we
hypothesized that loss of TM1 is a critical biochemical change in the malignant
transformation of breast epithelial cells and that TM 1 could be used as a novel biomarker
of breast cancer.

Since multiple TMs are present in epithelial cells, and the presence of stromal
components which abundantly express TM1, we chose to analyze the tissues by
immunohistochemistry. The smooth muscle cells of the blood vessels also express TM1.
Currently available antisera recognize multiple isoforms of TMs and, thus, do not permit
accurate analysis of TMI expression. We have proposed to employ TM-specific
antibodies to assess TM 1 expression in breast tissues. We generated several TM 1-
specific antibodies in this lab. TM 1-specific reactivity of these antibodies has been
described in two recent publications included in the appendix.

In addition, we have developed a sensitive in situ hybridization method to
determine TMI expression in breast tissues. For this purpose, we collected normal and
malignant breast tissue specimens from the patients undergoing surgery, as part of their
clinical care. Tissue specimens were collected under IRB approval. We analyzed 24
normal and 25 invasive breast tumors for TM1 expression. While all of the normal
tissues expressed abundant quantities of TM1, none of the breast tumors expressed
significant levels of TM 1. Quantitation of TM 1 expression revealed profound differences
between normal ducts and the invasive tumors. TM1 mRNA expression was quantitated
by counting the intensity and number of the silver grains. Relative quantity of TM1 in
normal tissue was at 29.7 units, while the malignant breast tissue expressed TM1 at 3.5
units. The signal obtained with the tumors was comparable to that obtained with the
'sense' control probes. These data are in agreement with those obtained with the cultured
cells, and demonstrate that the expression of TM 1 is profoundly suppressed in breast
tumors. This completes the goals of the experiments described in Aim 1.

In a second line of study to further determine changes in TM1 expression in breast
tumors, we have employed immunofluorescence to determine changes in TMI expression
in breast tissues. We have employed the novel TM1 specific antibodies [2] to evaluate
TM1 expression in breast tissues. We have completed screening of primary breast
tumors, and we are analyzing the results. These findings are now being written in the
form of a manuscript.

The finding that TM1 is downregulated in breast tumors supports the hypothesis
that loss of TM1 expression is a key event during mammary carcinogenesis, and changes

5



DAMD7-98-1-8162 Prasad, G. L.

in TMI expression may be an useful biomarker of breast cancer. Thus we have
accomplished the goals of this Technical Objective.

Technical Objective 2: Effects of expression of TM1 in human breast carcinoma cell
lines and in normal mammary epithelial cell lines.
Our previous studies with experimentally transformed murine fibroblasts have
demonstrated that TM1 is a suppressor of the malignant transformation, and that TMI is
a class II tumor suppressor [1, 3]. To examine the role of TM I in mammary
carcinogenesis, and to determine whether TM 1 can suppress the malignant growth of a
spontaneously transformed human breast carcinoma cells, the following experiments
were carried out. These data are communicated for publication, and the manuscript is
attached in the appendix. Therefore, the results are briefly presented below.

MCF-7 cells, which lack TMI protein, were transduced with a recombinant
retrovirus expressing TM 1. Individual cell lines expressing TM 1 were isolated and tested
for the effects of TM1 expression on the morphology and growth properties [2].
Restoration of TM1 expression resulted in the formation of tighter colonies with a more
branched, tubular appearance. The presence of TM1 containing microfilaments are
readily detected. TM I expression significantly decreased the growth rates, compared to
parental MCF-7 cells. A more profound effect was observed on the anchorage-
independent growth property, which is a hall mark of the neoplastic phenotype. TM1
expression completely abolished the anchorage independent growth of MCF-7 cells,
indicating that TM1 suppressed the malignant growth properties. It should be noted that
the revertant cells remain sensitive to the growth control by estrogen.

With these experiments, the goals of this Objective are accomplished, and we
completed the Objective 2, ahead of the schedule, indicated in the Statement of Work.
Additional experiments in progress are directed at elucidating the mechanism of tumor
suppression by TM1. These include studies on utilization of TM1, expression of TMl in
MCFI OA cells, expression of TGFc and amphiregulin.

A new line of work to investigate the mechanism of tumor suppression by TM1 is
initiated. Since TM 1 suppresses anchorage independent growth, we investigated whether
TM1 induces anoikis (detachment induced apoptosis) in breast cancer cells. Initial
studies indicate that TMI may sensitize breast cancer cells to anoikis.

Additionally, we demonstrate that TM1 suppresses the malignant growth
properties of MDA MB 231 cells [2]. Thus, TMl suppresses the malignant growth
properties of breast cancer cells, regardless of their p53 and estrogen receptor status.
These findings support the hypothesis that TM1 is a general suppressor of neoplastic
growth.

3. Induction of transformed phenotype by repression of TMl of TMI expression: In order
to test whether the loss of TM 1 expression could lead to the expression of malignant
transformation of mammary epithelium, antisense suppression of TMl is proposed. TMI
was subcloned in antisense direction in the retroviral vector pBNC and antisense
packaging cells of PA317 are generated. The MCFI0A cells have been transduced with
the recombinant pBNC retrovirus. Transduced cells were selected for resistance to G418
and single cell clones were selected. These cell lines were tested for growth under
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anchorage independent conditions. MCFIOA cells expressing antisense TMI were
unable to grow under anchorage independent growth conditions, indicating that antisense
expression was not adequate to suppress TM1 expression. These data indicate that either
the antisense RNA is not effective in suppressing TM 1 or, the antisense suppression of
TM1 alone does not transform the breast cancer cells. We are investigating these
possibilities. The work has progressed as per the Statement of Work.

At this point we are considering more effective strategies for antisense
suppression. An alternative is the cre-lox mediated generation of TM 1 knock out cell
lines of normal mammary epithelial cells. Another alternative is to employ mutant TM1
protein variants to block the function of endogenous TM 1. We have constructed a
variant TM1 molecule with HA-epitope extension and validated its use in studying TMI
function (described in Technical Objective 4). This molecule will be used to transfect
MCF 1 OA cells, and investigate the effects of blocking TM I function.

4. Structure-function relationship of TM 1-mediated tumor suppression: Work on creating
chimeras ofTMl (a tumor suppressor) and TM2 (not a tumor suppressor) has been
initiated. We have completed the site directed mutagenesis to introduce a silent mutation
to create a HindIll restriction site. This was accomplished by PCR and the resultant
variants of TMI and TM2, designated as 'TM I-h' and 'TM2-h' respectively, containing
the HindulI site were sequenced. Switching of the carboxy (at Aval) site and the central
exons (HindlIl-Aval) is also completed. These constructs are ready for transfection.

We have subcloned TM2 cDNA into a plasmid vector that co-expresses green
fluorescent protein via IRES sequences to mark the transfected cells. MCF-7 cells were
transfected with TM2 plasmid and selected with the G418. Stable cells expressing TM2
were tested for their growth in agar. TM2 cells grew in anchorage independent
conditions, indicating that TM2, unlike TMI, is not a tumor suppressor. Transfection of
breast cancer cells with the chimeras is in progress.

At this point, in parallel, we have chosen to test the use of epitope-tagged TMs in
a different cell system. Several investigators have used epitope-tagged constructs to
monitor the transfected genes. Epitope tagging of TM1 is expected to greatly facilitate the
analysis of transfected TMs. To confirm that epitope tagging does not impair the tumor
suppressive function of TM1, we chose to test the constructs in DT cell (ras-transformed
NIH3T3 cells) system. Our previous published studies showed that DT cells are suitable
models to test the ability of TM1 to reorganize the cytoskeleton and tumor suppression.
A HA epitope was engineered to the amino terminus of TM . The ATG initiation codon
of TM1 was replaced with an oligonucleotide sequence encoding HA epitope. The
recombinant TMI was subcloned into a eukaryotic expression vector, and transfected into
DT cells.

The epitope tagged TMl profoundly differed from the wild type protein in terms
of its ability to function as a tumor suppressor. Transfection of epitope tagged TM1 did
not induce microfilaments, alter the growth rates or inhibit the growth in agar. These
data show that modification of N-terminal portion of TM1 completely abolishes the
tumor suppression. Therefore, we will not attempt to tag the chimeras. Instead, they will
be expressed with plasmid vectors that co-express a marker protein, such as GFP.
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However, as described in Technical Objective 3, the variant TM1 will be used as a
dominant negative protein to probe whether disruption of TM1 function would alter
cellular morphology and growth characteristics.
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Key Research accomplishments

* TMI is downregulated in breast tumors
* TM1 is a suppressor of MDA MB 231 cells. This finding supports that TMI is a

general suppressor of cellular transformation.
* TM1 is downregulated by gene methylation and histone deacetylation.
• N-terminal modification of TMI abolishes the tumor suppression, and this variant

TM1 is a useful molecule to probe TMI functions.
* TM2 is not a tumor suppressor.
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Reportable Outcomes

Manuscripts and Abstracts
1. Manuscripts:

1.1. S. Bharadwaj and G. L. Prasad (2002) Tropomyosin-1 is downregulated by
Promoter Methylation in Cancer Cells. Cancer Letters 183: 205-213.

1.2. Suppression of transformed phenotype of breast cancer by tropomyosin-1 (2002).
Kalyankar Mahadev, Gira Raval, Mark Willingham, Ethan M. Lange, Barbara
Vonderhaar, David Salomon, and G. L. Prasad. Experimental Cell Research 279:
40-51.

1.3. This paper has been selected by the Editor for presentation in the highlight
section of Experimental Cell Research.

1.4. Loss of expression of Tropomyosin- 1, a Novel Suppressor of Transformation, in
Primary Breast Tumors. Gira N. Raval, Shantaram Bharadwaj, Edward A.
Levine, Mark C. Willingham, Randolph Geary, Tim Kute and G. L. Prasad.
(manuscript to be communicated).

2. Meeting abstracts.

2.1. Tropomyosin-1, a novel tumor suppressor and a biomarker.Gira Raval,
Shantaram Bharadwaj, Edward Levine 1, Mark Willingham2, Randolph Gearyl
and G. L. Prasad. Era of Hope, Army Breast Cancer Meeting. Orlando, FL,
September 2002.

2.2. Molecular basis of suppression of the malignant growth phenotype by
tropomyosin-1. G. L. Prasad and Shantaram Bharadwaj. (abstract submitted to
American Society for Cell Biology annual meeting, December 2002, San
Francisco)

Cell lines and reagents:
1. MDA MB 231 cells expressing TM I
2. MCF-7 cells expressing TM2
3. Adenoviral vectors that express TM 1.

The U.S. Army Medical Research and Materiel Command under DAMD-98-1-
8162 supported this work.
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Conclusions

In summary, the major accomplishment of our work for this year is to
demonstrate that TM 1 expression is abolished in all breast carcinoma specimens we have
examined. While TM1 has been known to bind and stabilize actin microfilaments for a
long time, its role in modulating tumor growth is now becoming evident. We have
demonstrated that TM1 is a suppressor of the malignant growth of breast cancer. The
discovery that TM1 expression is significantly downregulated in invasive breast tumors
suggests TM1 could be used as a novel biomarker.

There is a significant increase in the detection of smaller breast masses due to
sensitive mammographic techniques, and it is necessary to determine whether they are
benign and have the potential to become malignant. A suitable molecular marker, such as
TM I, which is altered only in malignant tissues may be a useful surrogate marker in this
regard. Continued expression of TM1 at significant levels would indicate that the tissue
is benign, or a decrease in TM1 expression would suggest a need for further evaluation.

Second, identification of the stage at which TMI is suppressed during mammary
carcinogenesis may aid in predicting the risk for the pre-malignant lesions. This is
particularly important in the case of DCIS, which is a heterogeneous and a relatively
more advanced lesion. A number of treatment options are available for patients with
DCIS [4], and additional prognostic markers would certainly help in choosing the most
appropriate therapy for the patients. For example, if loss of TM1 occurs in comedo type
DCIS, TMI would be a valuable predictor of risk, and patients may be treated more
aggressively.

And finally, if TM1 is suppressed in pre-malignant lesions, decreased TMI
expression may be used as a niolecular marker to recruit patients into chemoprevention
trials. Since, the loss of TM1 is widespread in breast tumors, downregulation of TM1
may indicate a propensity towards malignant growth, and hence, chemoprevention with
tamoxifen or raloxifene [5] may benefit the patients. Similarly, TM1 may serve as a
marker to determine the endpoint or efficacy of novel therapies involving inhibition of
DNA methyl transferases and histone deacetylases [6]. Since TM1 gene is silenced by
gene methylation and histone deacetylation, these therapies would upregulate TM1
expression and other key genes that are essential for normal growth [6]. Upregulated
TM1 may serve as a marker for the effectiveness of the drugs, and reactivated TM 1 itself
may contribute to the suppression of malignant growth, as shown in the culture
experiments [7]

A second important accomplishment is that TMI is a general suppressor of
transformation, that is downregulated in breast cancer cells by gene methylation.
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Suppression of the Transformed Phenotype of Breast Cancer
by Tropomyosin-1

Kalyankar Mahadev, Gira Raval, Shantaram Bharadwaj, Mark C. Willingham,[1 Ethan M. Lange,
Barbara Vonderhaar,* David Salomon,* and G. L. Prasad1

Departments of General Surgery and Cancer Biology and IDepartment of Pathology, Wake Forest University School of Medicine,
Winston-Salem, North Carolina 27157; and *Basic Research Laboratory Center for Cancer Research,

National Cancer Institute, Bethesda, Maryland 20892

accepted that multiple genetic events contribute to the
Changes in the expression of microfilament-associ- neoplastic transformation of cells [1]. Some of the

ated proteins, such as tropomyosins (TMs), are corn- changes include loss of tumor suppressor genes, acti-
monly found in malignantly transformed cells. Previ- vation of cellular proto-oncogenes, and inactivation/
ous work from this laboratory has shown that deregulation of the function or expression of key intra-
tropomyosin-1 (TM1) expression is consistently abol- cellular proteins. The mortality due to cancer is
ished in human breast carcinoma cell lines, suggesting primarily a consequence of the ability of neoplastic
that the loss of TM1 could be a common biochemical cells t invad e an ta e itisue were the

event in the transformation of mammary epithelium. cells do not normally grow. Tumor metastasis involves

To investigate whether changes in TM1 expression are

causally linked to mammary carcinogenesis, we have multiple steps including the loss of normal growth
tested the hypothesis that TM1 is a tumor suppressor controls, the derangement of cytoskeletal organization,
of breast cancer. MCF-7 cells, which lack TM1, were and the capacity to become motile and invasive [2-4].
utilized as a model of human breast cancer and trans- It has been postulated that deregulation of growth
duced to reexpress TM1 protein. Restoration of TM1 factor (serum)-controlled and integrin-regulated adhe-
expression in MCF-7 cells (MCF-7/T cells) resulted in a sion pathways together contribute to the complete
slower growth rate, but cells remained sensitive to transformation involving accelerated proliferation and
growth control by estrogen. TM1 expression in MCF-7 anchorage-independent growth [5]. In addition, tumor
cells resulted in the emergence of TM-containing mi- cells also manifest altered cell-cell adhesion and ab-
crofilaments. More significantly, MCF-7/T cells failed normal microfilaments, which facilitate invasion. Mi-
to grow under anchorage-independent conditions. crofilaments are linked to both integrin and cadherin-
TM1 reexpression alters the interaction of the E-cad- catenin complexes which regulate cell-matrix and
herin-catenin complex with the cytoskeleton, indicat- cell-cell adhesion, respectively.
ing that TM1-induced cytoskeleton could play a signif- While tropomyosins (TMs) have been known to func-
icant role in suppression of the malignant phenotype. tion in regulation of muscle contraction, the functional
Taken together with our previous work on trans- significance of the multiple TM isoforms present in
formed murine fibroblasts, the results presented in nonmuscle cells has remained largely unclear. Several
this communication indicate that in nonmuscle cells nonmsciedce has rema rcle ar. Several
TM1 functions as a suppressor of transformation, reports indicate that nonmuscle TMs serve important
0•2002 sevier science functions in microfilament stabilization [6, 7], regulat-

Key Words: tropomyosin; breast cancer; cytoskele- ing microfilament branching [8], actin polymerization
ton; E-cadherin; 1-catenin; tumor suppression. [9], modulation of myosin functions [101, and intracel-

lular transport [11]. These reports strongly suggest
isoform-specific functions for nonmuscle TMs. Our

INTRODUCTION work on the role of cytoskeletal proteins in cell trans-
formation has demonstrated that derangements in TM

During the neoplastic transformation, cells accumu- expression are a common biochemical change in many
late several different mutations and undergo extensive breast carcinoma cells [12]. This observation extended
changes in gene expression. While the etiology of the the earlier findings that loss of TM expression is corn-
vast majority of tumors is unknown, it is generally monly found in many experimentally transformed fi-

broblasts [13-18]. Furthermore, it was demonstrated,
S To whom reprint requests should be addressed. Fax: 336-716- using oncogene-transformed murine fibroblasts that

2528. E-mail: gprasad@wfubmc.edu. restoration of tropomyosin isoform 1 (TM1) expression

0014-4827/02 $35.00 40
© 2002 Elsevier Science (USA)
All rights reserved.



BREAST CANCER SUPPRESSION BY TM1 41

is adequate to revert the malignant phenotype induced MCF-7 and MDA MB 231 cells were purchased from ATCC. The

by functionally diverse oncogenes, such as ras and src cDNA encoding TM1 protein has been previously described f27].

[19-211. Anti-TM polyclonal antiserum which recognizes multiple TMs, in-
cluding TM1, was described previously [12]. DT/TM1 and DT/TM1-

TMs are a family of closely related actin-binding TM2 cells were fibroblast cell lines and previously described [28, 29].

proteins [17, 221. Multiple isoforms of TMs are ex- MCF10A cells are used in this study as a reference for TM expres-
pressed from four genes via alternate splicing in a sion. Since MCF10A and MCF-7 (or those derived from MCF-7 cells)

highly tissue-specific manner. The 284 amino-acid high are not isogenic, no direct comparisons on the growth properties of

Mr TMs generally display higher affinity to actin than these cells are made.
For retroviral gene transfer of TM1 into MCF-7 and MDA MB 231

the low M, isoforms (248 aa) [221. Other important cells, a pBNC recombinant virus was used as described [19, 301,
cytoskeletal proteins, such as caldesmon, fascin, and except that an amphotrophic packaging cell line PA317 was used to

tropomodulin, also modulate TM interactions with ac- generate the infectious virus. TMel cDNA was subcloned into a

tin [23, 241. pBNC retroviral vector in which a CMV intron/enhancer drives the
is known that suppression of high Mr TMs expression of the gene of interest and the selection is accomplished

Although it iwith G418. Transduced MCF-7 cells were cloned by a limiting dilu-
is a prominent feature of many experimentally trans- tion method and the cell lines (MCF-7/T) were tested for TM1 ex-
formed murine cell lines, the relevance of TMs in human pression. For control purposes, MCF-7 cells were transduced with

cancers is largely unknown. To that end, we have inves- the empty vector and the resultant cell lines were designated MCF-

tigated the role of TMs in mammary carcinogenesis. In 7/V cells. Cell lines derived from transduction of MDA MB 231 are

normal human mammary epithelial cells, seven different referred as MDA MB 231/T cells.
Protein analysis. Two-dimensional gel electrophoresis using cell

isoforms of TMs are expressed [12]. Among these, TM1, lysates prepared from metabolically labeled cells was performed
TM2, TM3, and an epithelial cell type-specific species, essentially as described previously [12, 30]. Western blotting was
TM38, may be categorized as high Mr TMs. Isoforms performed with TM antiserum or commercially available antibodies.
TM32a, TM32b, and another epithelial-specific protein, Expression of a-tubulin was routinely measured with a specific an-

TM32, are known to be low Mr TMs. In spontaneously tibody (Sigma Chemical Co.) as a load control. Antibodies against
E-cadherin and catenins were purchased from Transduction Labo-transformed human breast carcinoma cell lines, loss of ratories. For routine analysis, cells were extracted with a 50 mM Tris

expression of multiple isoforms of TMs has been reported. buffer, pH 7.4, containing 1% Nonidet P-40, 0.25% sodium deoxy-
More significantly, expression of TM1 is completely abol- cholate, 0.15 M NaC1, 1 mM EITA, 1 mM sodium fluoride, 1 mM
ished in all the transformed cell lines, suggesting that sodium orthovanadate, and a cocktail of protease inhibitors (1 mM

suppression of TM1 could be a pivotal event leading to PMSF and 1 Lg/ml each of leupeptin, pepstatin, and aprotinin). After
a brief centrifugation to remove nuclei and cell debris, the superna-

the acquisition of the neoplastic phenotype by mammary tant was used for immunoblotting or immunoprecipitations. These
epithelial cells. lysates were termed cytoplasmic preparations. Alternatively, cells

The experimentally transformed fibroblasts employed were also extracted with RIPA buffer (RIPA lysates) [31]. To extract
in the above studies to define a causal relationship of both nuclear and cytoplasmic proteins, cells were solubilized with 1%

TMs to cell transformation are generated by a single SDS and used for immunoblotting (whole cell lysates).
A 20-amino-acid sequence (187-206; SRARQLEEELRTM-

well-defined transforming oncogene. Most human can- DQALKSL) that is distinctive for TM1 was used to generate a TM1-
cers, on the other hand, originate in epithelial cells as a specific antibody in rabbits [27]. The antiserum was purified on a
result of multiple genetic defects. Furthermore, mecha- peptide immunoaffinity column and used for immunoblotting. It
nisms that lead to transformation of epithelial cells could detects only TM1 on immunoblots. The polyclonal antiserum which

recognizes all the TM isoforms has been previously described andbe different and more complex. For example, while both was used for immunoblotting, immunocytochemistry and immuno-
raf and ras transform fibroblasts, epithelial cells can only precipitations 128, 29].
be transformed by ras [25]. Another complexity with ep- Northern analysis. Total cellular RNA was analyzed as previ-
ithelial cells is that at least two more TM isoforms are ously described [20]. The membranes were probed with a full-length
expressed in epithelial cells compared to fibroblasts, TM1 cDNA [271. The blots were washed at 65°C in a buffer contain-

which could potentially compensate for loss of the other ing 0.1x SSC and 1% SDS. Under these conditions, only TM1 is
detected without any cross-hybridization to other TMs. Blots wereTMs. Therefore, it remains to be established whether then stripped and reprobed with 13-actin for load controls.

TM1 can fuiction as a suppressor of the malignant phe- Monolayer growth. Growth of the cells was measured in mono-
notype of spontaneously transformed, human-derived layer. Briefly, 2 x 10' cells were plated in normal (10%) serum
carcinoma cells. To further investigate the role of TM1 in containing media. At regular intervals, cells were harvested and
cellular transformation, we determined whether restora- counted using a hemocytometer. Cell culture conditions were previ-

tion of TM1 expression in MCF-7 human breast cancer ously described for MCF-7 and MDA MB 231 cells [26], and the
medium for the transduced cells contained 200 ig/ml of G418. Ex-

cells has an effect on the growth and transformation periments involving estrogen deprivation and supplementation were
status of these cells. performed in a phenol red-free basal medium. Two replicate plates

were initiated for each cell type and growth medium. To test the
effects of estrogen on the growth of the cells, 72 h after plating,

MATERIALS AND METHODS normal medium was replaced with a medium containing charcoal-
stripped FBS alone (minus estrogen) or with a supplementation of

Normal mammary epithelial MCF10A cells were obtained from 100 nM 17-pestradiol (plus estrogen). Cell count measurements were
Dr. Jose Russo, Fox Chase Cancer Center, Philadelphia [26], and subsequently taken on each plate every 24 h (a total five measure-
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FIG. 1. TM expression in mammary epithelial cells. (A) Two-dimensional gel analysis of TM expression in MCF10A cells was performed
as described under Materials and Methods. TM1, TM38, and TM32 are identified. (B) TM expression in normal and malignant breast cells.
DT/TM1 and DT/TM1-TM2 cells were used as positive controls for TM expression. These are TM1-induced revertants of ras-transformed
fibroblasts expressing either TM1 alone or both TM1 and TM2 [28]. TM2 migrates as a distinct band below TM1, which is evident in
DT/TM1-TM2 cells (top). The cell lysates were probed with a polyclonal antiserum that reacts to multiple TMs (top), an antipeptide antibody
that reacts specifically to TM1 (middle), or antitubulin antibody for load controls (bottom).

ments over 120 h). Mixed model analysis of variance (ANOVA) was photograph, four different individual frames will be taken and inte-
performed, adjusting for estrogen exposure, to test for equality of grated in a final image. However, if a gate setting of 8 is required, it
growth after 120 h between the different cell types. Counts on the suggests that the image is about half as intensely stained as the first
same plates were treated as a correlated measurements in the sta- one. In these experiments, both the gain and black level, which affect
tistical analyses. Statistical analysis was performed using the SAS the image quality, were kept at identical settings. The images were
v8.1 software package (SAS, Cary, NC). transferred to Adobe Photoshop and processed identically to make a

Anchorage-independent growth. Five or ten thousand cells were composite image. Further quantification of the signal, such as area
plated in soft agar in 35-mm petri dishes as described [19]. Cells and intensity measurements using Photoshop, were not done. Mul-
were fed once in 48 h with 0.1 ml of medium. Six replicate plates tiple areas of the sample were photographed using gate settings of 4,
were cultured for each cell type. Two weeks later, cells were stained 8, 16, and 32, depending on the intensity of the signal.
with 0.05% nitroblue tetrazolium (Sigma). Colonies Ž-50 gm were
counted. Equality of the mean number of counted colonies after 2 RESULTS
weeks of incubation between the different cell types was tested using
t tests. Restoration of TM1 expression in MCF-7 cells. Nor-

Immunofluorescence. Cells were cultured in Nunc chamber mal mammary and other epithelial cell types express
slides, fixed with 3.7% paraformaldehyde [29], and permeabilized
with 1% Triton X-100 in phosphate-buffered saline (PBS). For seven different TMs, two more TMs than found in
E-cadherin staining, samples were briefly extracted with 1% Triton fibroblasts, that are readily detected in 2-D gels [12,
X-100 and then fixed in paraformaldehyde, blocked, and reacted with 27]. TM expression in the nontransformed, immortal-
primary antibody. The samples were blocked in 1% BSA (Jackson ized human mammary epithelial MCF10A cell line is
Immunolabs) in PBS and incubated with primary antibodies over- shown in Fig. 1A. One of these additional TMs, TM38,
night at 4°C. The TM antiserum was used at 1:500, and other
commercial antibodies were diluted according to the manufacturer's comigrates with TM1 in one-dimensional gels (Fig. 1B).
guidelines. The samples were also stained with Texas Red-conju- The other TM isoform, TM32, is not resolved from the
gated phalloidin (Molecular Probes) for some experiments. The sam- two low Mr TMs in routine SDS-PAGE, but requires
ples were mounted using the Prolong Antifade kit (Molecular 2-D analyses. Neither of these TM isoforms is well
Probes). Confocal microscopy was performed with a Zeiss confocal characterized. In malignant breast epithelial cells,
microscope with a 60X water objective. The images were optically
sectioned and the composite images are projected. TM1 expression was consistently absent, but the ex-

For determination of the intensity of staining, the samples were pression of other TMs including that of TM38 varies.
viewed with a Zeiss Axioplan 2 microscope using either a 40X or 63X For example, in MDA MB 231 and MDA MB 453 cells,
oil objective. The images were captured using a Dage MT1 camera TM38 expression is detectable by immunoblotting with
(Model 300) and IFG 310 controller. The samples were photographed polyclonal anti-TM antisera and by 2-D gels (Fig. 1B,
using different gate settings, which allows accumulation of different
numbers of frames. The gate setting is inversely linked to the bright- top; [12]). However, in MCF-7 cells both TM1 and
ness of staining. For example, if a gate setting of 4 is used to TM38 are lacking, and therefore no signal is detected.
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The fibroblast cell lines DTITM1 and DT/TM1-TM2, A
which express either TM1 alone or TM1 and TM2 to- -N N

gether, respectively, are used as positive controls for LL U_. L. U. U. U. L
TM1 expression. These cells lack the expression of U o 0 u o o o
TM38, and hence, the signal in the fibroblast-derived

cell lines represents the expression of TM1 [12, 27, 281.
To facilitate the analysis of TM1 expression, we gen-

erated a specific antipeptide antiserum, as described • 2.0 kb
under Materials and Methods. Data from immunoblot- (Transduced TMI)

ting with TM1-specific antibody are shown in Fig. 1B 3
(middle). The two fibroblast cell lines DTiTM1 and 5 1.1 kb
DT/TM1-TM2 and the MCF10A cells contain readily (Endogenous TMI)
detectable TM1. In agreement with two-dimensional
gel analyses, expression of TM1 was lacking in MCF-7, Actin

MDA MB 231, and MDA MB 453 breast cancer cell
lines [12]. In MDA MB 231 and MDA MB 453 cells
which express TM38, no signal was detected by TM1- B
specific antibody, indicating the lack of TM1. MCF-7 MCF-7 MCF-71T
cells that were transduced to reexpress TM1, desig-
nated MCF-7fT, however, were positive for TM1 ex-
pression (discussed below).

In MCF-10A human mammary epithelial cells, TM1
is expressed from a 1.1-kb mRNA. In MCF-7 human
breast carcinoma cells, expression of both TM1 protein
and its cognate mRNA is totally abolished, as is the
case with several other breast carcinoma cells (Fig. 2A;
also Fig. 1B) [121. Transduction of MCF-7 cells with a
recombinant retroviral vector results in the expression FIG. 2. Tropomyosin expression. (A) Northern blotting: Total

of a 2.0-kb mRNA from which TM1 is transcribed, as cellular RNAs were probed with a full-length cDNA encoding TM1 at

found in MCF-7/T cell lines; TM1 mRNA is 1.1 kb in high stringency. Transduced TM1 is expressed as a 2.0-kb mRNA,
while the endogenous TM1 is synthesized as a 1.1-kb RNA. The

size, while the additional sequences originate from the parental MCF-7 cells lack the mRNA encoding TM1. 3-Actin was

vector [19]. We have analyzed three independent MCF- used for load controls (bottom). (B) Two-dimensional gel analyses of

7/T cell lines and two MCF-7/V cell lines along with the TM expression. Total cell lysates were prepared from pulse-labeled
parental MCF-7 cells. In MCF-7/V cell lines (vector cells and analyzed by two-dimensional gels. TM1 is identified in the

controls) and the parental MCF-7 cells, the transduced right panel.

2.0-kb mRNA is absent, as expected.
Immunoblotting of cytoplasmic lysates with a poly- also found in the cytoskeletal fraction of MCF-7/T cells

clonal anti-TM antibody revealed that TM1 is readily (data not shown).
detectable in MCF10A cells. However, no correspond- Morphology of MCF-71T cells. Restoration of TM1
ing signal was present in MCF-7 or MCF-7/V cells. In expression in MCF-7 cells resulted in significant mor-
MCF-7/T cell lines, TM expression is restored (Fig. 1B, phological changes. MCF-7 and the vector control cells
middle; data not shown for other cell lines). Since high shows that they grow as rather loosely adhering clus-
Mr TMs do not resolve well in one-dimensional gels and ters. MCF-7/T cells in general grow in tighter clusters
the individual TMs significantly vary in their avidity to and form distinctive tubular structures (Fig. 3A) [32].

Santibody, we examined total expression of TMs in these Immunocytochemical staining with anti-TM anti-
cell lines. To that end, cellular extracts prepared from body of parental MCF-7 cells showed weak staining
metabolically labeled cells were analyzed by two-di- with the TM antiserum, although MCF-7 cells express

Smensional gels (Fig. 2B). In MCF-7 cells, expression of at least one high M, TM isoform and low Mr TMs. TM
"TM1, TM38, and TM2 is abolished, and therefore, none staining in MCF-7 cells is faint and diffuse throughout
of these three proteins are detected [12]. Among the the cell, with no detectable association with actin fila-
muscle-type high M, TMs that are present in epithelial ments (Fig. 3B; A-C). In MCF-7/T cells, TM staining
cells, only TM3 is present in MCF-7 and MCF-7/V cells. was intense, and TM containing microfilaments were
Transduction of MCF-7 cells with TM1 cDNA, as ex- evident. In addition, TM staining colocalized with that
pected, results in a specific enhancement of TM1 pro- of actin, indicating that transduced TM1 reorganizes
tein in MCF-7/T cells. Furthermore, transduced TM1 is microfilaments (Fig. 3B; D-F). Although TM staining
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FIG. 3. (A) Morphology of TM1-expressing MCF-7 cells. Monolayers of MCF-7 and MCF-71T cells were stained with H & E and
photographed using an Olympus B20 microscope with a 2X objective. (B) TM1 associates with microfilaments. MCF-7 (A-C) and MCF-7/IT
(D-F) cells were immunostained with TM antiserum (A and D) followed by binding to FITC-conjugated antirabbit antibody (green) and Texas
Red-conjugated phalloidin (B and E; red). Merged images (C and F) are presented. The samples were viewed using a confocal microscope. ~

was found through the cell body, it was brightest (Vi), and three cell lines expressing TMi (Ti, T2, and
around the nucleus. T3) were used to measure the growth. Under normal

Growth properties. The effect of TMi expression on serum conditions, the unmodified MCF-7 and those
the growth properties of MCF-7 cells was assessed in transduced with empty vector grew rapidly at similar
monolayer cultures. MCF-7, a vector control cell line rates (Fig. 4A). However, all the three individual cell
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FIG. 4. TM1 expression decreases growth of MCF-7 cells. Cells were cultured under normal growth medium (A), in charcoal-stripped
medium (estrogen deprivation), or in charcoal-stripped serum supplemented with 100 nM estradiol The growth of MCF-7 and MCF-7/V (B),
the three MCF-7aT cell lines (C), and under conditions of estrogen deprivation and supplementation is depicted. Error bars indicate standard
deviation. The revertant cells grew significantly more slowly than the parental MCF-7 or vector control cells in normal serum, in the absence
of or under estrogen supplementation.

lines expressing TM1 grew comparably, but demon- taeed higher growth than MCF-en T cells, as shown in
strated strikingly slower growth after 120 h than the Fig. 4C (P < 0.0001 for all pairwise comparisons). Sup-
parental MCF-7 or MCF-7eV cell lines (P < 0.0001 for plementation with 100 celM w -estradiol in charcoal-
all pairwise comparisons). Thus, restoration of TM1 treated serum containing medium resulted in increased
expression decreases the proliferation of breast carci- growth. In the presence of estrogen, M.F-7 and MCF-
noma cells. 7/V1 cells demonstrated profoundly enhanced growth

Estrogen regulates the growth and differentiation sta- compared to MCF-7/T cells (P < 0.0001 for all pairwise
tus of MCF-7 cells. Since TM1 expression decreases the comparisons). Addition of 4-hydroxytamoxifen inhibited
growth of these cells, we tested whether MCF-7/T cells the stimulatory effect of estrogen (data not shown). These
remain sensitive to growth control by estrogen (Figs. 4B data show that restoration of TM1 expression decreases
and 4Q). When cells were cultured in the absence Of the growth of MCF-7 cells, without altering the sensitiv-
estrogen using charcoal-stripped fetal bovine serum, ity to estrogen.
growth of all the cell lines, including those expressing
TM1, was inhibited by about 50%. Even under these Anchorage-independent growth. The proliferation
conditions, MCF-7 and MCF-7/V1 cells (Fig. 4B) main- of normal cells is tightly regulated by growth signals of
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A weakens cell-cell interactions and contributes to the
metastatic phenotype. Additionally, E-cadherin com-
plexes with a, 3, and y catenins, and the entire complex
is anchored to microfilaments. The cadherin-catenin
complex is implicated in regulating tissue integrity,
polarity, and differentiation. Stable association of the
cadherin-catenin complex to microfilaments is consid-
ered a requirement for normal functioning of cadherin
complexes [33, 34]. Furthermore, free, soluble P-cate-
nin that is not associated with cadherins, is a key

B player in the wnt signaling pathways [35, 36]. Activa-
tion of wnt signaling pathways results in the transpor-

e 600 tation of 3-catenin into the nucleus and interaction

- 500 with TCF/LEF transcription factor, thereby upregulat-
0 ing gene expression. Since cells expressing TM1 form

40 tighter clusters and display a tubular morphology in-
0 300 0 dicating enhanced differentiation, we investigated

S200 whether TM1-induced reversion of breast carcinoma
SIcells involves changes in the expression of E-cadherin

E_100 or the catenins.
Z 011 , Cytoplasmic lysates were prepared from actively

.1, A <ý, 4 growing cells and were immunoblotted with antibodies
"< /against E-cadherin and a, 3, and y catenins. The data

of Fig. 6A indicate that MCF-7 and the two vector

Cell lines control cell lines express similar levels of all the four
proteins tested. The three MCF-7/T cell lines, however,

FIG. 5. TM1 suppresses anchorage-independent growth. Cells showed significantly and consistently lower levels of
were plated in soft agar as described under Materials and Methods.
At the end of the culture, they were stained with nitroblue tetrazo- E-cadherin and the catenins (Fig. 6A). Since TM1 ex-
lium, and photographed (A) and the number of colonies formed with pression is associated with the reemergence of micro-
each cell line is shown (B). Error bars indicate standard deviation, filaments, we investigated a possibility that the cad-

herin complex may be more tightly associated with the
cytoskeleton in the revertants, thus, forming stronger

integrin-extracellular matrix interactions, which is of- cell-cell junctions which may make them less soluble.
ten deregulated in tumor cells. The ability of tumor To examine the total expression of these proteins, cells
cells to proliferate independent of adhesion closely cor- were extracted under more vigorous conditions, using
relates with tumorigenic potential, which is often as- RIPA buffer to lyse the cells, and tested for the pres-
sayed by anchorage-independent growth in soft agar. ence of the components of the cadherin-catenin com-
The data presented in Fig. 4 show that reexpression of plex. Under these conditions, no detectable differences
TM1 decreases the growth of MCF-7 cells. Therefore, in the expression of E-cadherin or the catenins were
we examined whether TM1 inhibits anchorage-inde- found between the transformed (MCF-7 and V) and the
pendent growth of MCF-7 cells. MCF-7 and V1 and V2 revertant TM1-expressing MCF-7/T clones (Fig. 6B):
cells grew rapidly and formed a large number of colo- similar results were obtained when cells were solubi-
nies within 2 weeks (Figs. 5A and 5B). In contrast, the lized with 1% SDS and lysates were analyzed (data not
three clones of MCF-7 cells expressing TM1 did not shown). These results indicate that in MCF-7/T cell
grow in parallel cultures. The MCF-7/T cell lines lines, E-cadherin and the catenins associate more
showed a significant decrease in growth in the number tightly to the cytoskeleton, presumably contributing to
of colonies (P < 0.0001 for all comparisons between the stability of cell-cell adherens junctions.
MCF-7, V1, and V2 cells and MCF-7/T cells). These To investigate whether the localization of E-cadherin
data demonstrate that reexpression of TM1 abolishes and the catenins is altered in the TM1-expressing cells,
the anchorage-independent growth of breast carci- immunocytochemistry was performed. In MCF-7 cells,
noma cells and support our earlier studies on the anti- 3-catenin (Fig. 7A; A) and E-cadherin (Fig. 7A; B) were
transformation effects of TM1. detectable at the cell-cell junctions. In MCF-7 cells,

Cell-cell adhesion molecules in TM1-transduced E-cadherin's presence was evident in the perinuclear
breast cancer cells. Expression of E-cadherin is down- area as well as in the cytoplasm. In the revertant
regulated in several human malignancies, including MCF-7/T cells, E-cadherin and 3-catenin were also
breast cancer. Decrease in E-cadherin expression readily detectable at the cell adhesion areas with well-
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A N N M different exposures as described under Materials and
S • . r "r • Methods. The samples were exposed to accumulate

LL . IL LLI. LL I.. IL.
0 t 0 different number of frames, without any other adjust-
2 2 2 2 •ments to either black level or brightness settings. It

AO 4 4 l-- E- Cadherin was found that MCF-7 cells had significantly lower
detergent-resistant E-cadherin and j-catenin at the
cell-cell junctions (Fig. 7B, a and b) vis-A-vis MCF-7/T

...... ON ...... cells (Fig. 7B, c and d). When the samples were photo-
.4 a-- a-Catenin graphed for the same number of frames, the intensity

of either E-cadherin and 3-catenin at the cell-cell junc-
INVl o 4- Catenin tions was higher in MCF-7/T cells. MCF-7/T cells con-

Y Catenin sistently retained higher amounts of E-cadherin and
W --- an-catenin at the cell-cell junctions than in MCF-7

cells. Multiple areas of both the cell types were exam-
4 ......... .ined at more than two gate settings. These data sug-

a - tubuln gest that upon transduction of TM1, E-cadherin and
0-catenin are more tightly linked to the cytoskeleton,
which is in line with the immunoblotting results (Fig.
6). Under these conditions, a and / catenins, however,

B N V) were found to be at comparable levels in MCF-7 and
r r 1 1 rr MCF-7/T cells (data not shown).
U.. U. U.. LI U_ U0 0 0 0 0 0 Effects of restoration of TM1 on other breast cancer

cells. TM1 expression is lacking in several other
breast carcinoma cell lines [121. To test whether TM1

-,-o--- E-Cadherin functions as a suppressor in other breast carcinoma
cell lines, or the anti-transformation effects of TM1 are
limited to MCF-7 cells, we utilized the widely studied
MDA MB 231 cells. MDA MB 231 cells are estrogen

,: a- Catenin receptor-negative cells and highly invasive cells with
fibroblastic features [371. MDA MB 231 cells were

in .: _- 3-Catenin transduced with TM1 and several cell lines (MDA MB
231ff cells) were isolated. Figure 8A shows immuno-

i n y- Catenin blotting with TM1-specific antibody and a polyclonal
TM antibody of parental and transduced MDA MB 231
cell lysates. In agreement with the data of Fig. 1B,

a a-tubulin MDA MB 231 cells express only TM38, but not TM1,
and accordingly a signal corresponding to TM38 was

FIG. 6. The E-cadherin-catenin complex is more tightly associ- detected (Fig. 8A, middle). In two separate clones of
ated in MCF-7/T revertant cells. Cytoplasmic lysates (A) and RIPA MDA MB 231/T cells, transduced TM1 is detected with
lysates (B) of the indicated cells were analyzed for expression of TM1-specific (Fig. 8A, top) and polyclonal antibody
E-cadherin and the catenins by immunoblotting. Note that in the (Fig. 8A, middle). For comparison, we included MCF-7
RIPA extracts, E-cadherin and the catenins are detected at compa- and MCF-7/T1 cell lines, as TM1 is present in the latter
rable levels between the transformed and the revertant lines of
MCF-7 cells, cell line.

Next, we examined whether TM1 suppresses the
defined staining (Fig. 7A; C and D, respectively). Fur- anchorage-independent growth of MDA MB 231 cells.
ther detailed analysis of the organization of these two Two independent cell lines expressing TM1 and un-

Smolecules in the revertant cells revealed significant modified MDA MB231 cells were plated in soft agar
differences from the parental MCF-7 cells, and the colony formation was examined (Fig. 8B). The

While both parental MCF-7 and MCF-7/T cells con- MDA MB 231 cells grew very rapidly and formed large
tained E-cadherin and 3-catenin at cell-cell junctions, colonies within 2 weeks, while the TM1-transduced
their association with the detergent-insoluble fraction cells did not show any growth even after 3 weeks in
was different between the cell types. The samples were culture. These data indicate that restoration of TM1
stained with respective antibodies, visualized using a expression is adequate to abolish a key attribute of
Zeiss fluorescence microscope, and photographed for transformed phenotype of MDA MB 231 cells. These
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A

FIG. 7. (A) Organization of E-cadherin and P-catenin. MCF-7 (A and B) and MCF-7/T (C and D) cells were stained with either E-cadherin
(A and C) or f3-catenin (B and D) and examined by immunocytochemistry. In both cell types, the cell adhesion molecules are found at the
cell-cell junctions. (B) E-cadherin and P-catenin are tightly associated at the cell-cell junctions of MCF-7/T cells. MCF-7 (a and b) and
MCF-7/T (c and d) cells were stained with either E-cadherin (a and c) or P-catenin (b and d). The samples were exposed at different gate
settings to accumulate different numbers of frames, which is dependent on the intensity of the signal. E-cadherin-stained samples were
photographed at 16 frames, and p-catenin at 8 frames. Images at other higher or lower settings are not shown.

findings further support the hypothesis that TM1 is a phology, are potentially important contributing factors
suppressor of neoplastic transformation. for metastatic behavior [3].

Several lines of evidence presented herein support
DISCUSSION the thesis that TM1 is a suppressor of the transformed

It is now widely recognized that normal functioning phenotype of breast cancer cells: (i) restoration of TM1
ofthe i owswidelyreo gnizedsenthat normalnunctioningl expression results in the growth of MCF-7 cells as

of the cytoskeleton is essential for maintaining normal tighter colonies with a more glandular morphology,
growth and differentiation. For example, actin micro- the paren th a more glandu l s growogy
filaments are important determinants of cell morphol- while the parental and wild-type MCF-7 cells grow as
ogy, cell motility, cell polarity, and cell division. In more scattered colonies; (ii) TM1 expression leads to

addition, reorganization of actin microfilaments occurs significantly decreased growth in monolayer cultures;

in response to activation of integrins and it is likely to and (iii) TM1 expression completely abolishes the an-

play an important role in "inside out" signaling [5]. The chorage-independent growth of two spontaneously
attachment of cadherin-catenin complexes to micro- transformed breast cancer cells, viz. MCF7 and MDA
filaments is known to strengthen cell-cell adhesion MB 231 cells. Earlier work from this laboratory has
and contribute to tissue integrity. Furthermore, more demonstrated that TM1 reverts the transformed phe-
recent data suggest that many signaling molecules are notype of Ki-ras- or v-src-transformed fibroblasts.
linked to microfilaments [38, 39]. Transformed cells Taken together, these findings support the notion that
generally lack well-defined microfilament bundles TM1 could be a general suppressor of malignant trans-
which, besides being a cause for loss of normal mor- formation.
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FIG. 7-Continued

Many key questions, however, remain regarding the Cadherin-catenin complexes mediate cell-cell adhe-
role of TM1 in malignant transformation. First, although sion and a number of studies have demonstrated that
TM1 expression has been shown to be downregulated or the integrity and functioning of these cell adhesion
lacking in many tumor cell lines, it is not clear whether complexes are disrupted in many types of cancers, in-
the expression of TM1 is lost in primary tumor tissues. A cluding those originating in breast [41-43]. E-cad-
main reason for this gap in understanding the role of herin, often referred to as a metastasis suppressor, is
TM1 in cellular transformation is the lack of suitable either generally expressed at low levels [2, 44] or mu-
reagents to assess TM1 expression specifically in tissues tated in some breast cancer specimens [45, 46]. The
where multiple TM isoforms are expressed. The down- interactions of cadherin-catenin complexes with the
regulation of TM1 expression in breast and other cancer cytoskeleton are important in maintaining normal ad-
cells appears to be mediated by TM1 promoter methyl- hesion via cadherins [33, 34].
ation and histone deacetylation [40]. In TM1-expressing revertants of MCF-7 cells, while

Second, the mechanism of TM1-mediated suppres- there appear to be no qualitative differences, E-cad-
sion of transformed growth is poorly understood. TM1 herin and the catenins are more tightly coupled to
is a structural protein and does not possess the func- cytoskeleton, as evident from the differential extract-
tional domains that may mediate specific protein-pro- ability of these proteins. Enhanced detergent solubility
tein interactions, which could readily explain its role as of E-cadherin and 3-catenin is more frequently ob-
a suppressor of transformation. TM1, like other TMs, is served in transformed cells, which may result in the
an actin-binding protein, and we find that TM1 alone assembly of defective adhesion junctions. In TMl-ex-
restores microfilament architecture and suppresses pressing revertant cells, E-cadherin and 3-catenin are
the transformed growth phenotype: other TMs, such as more tightly associated with the cytoskeleton, as evi-
TM2, cooperate with TM1 in reorganizing the cytoskel- denced by immunoblotting studies (Figs. 6 and 7) and
eton [28]. We investigated the possibility that the TM1- immunofluorescence experiments. Consistent with these
induced cytoskeleton could be important in the rever- data, it was reported that ras transformation of breast
sion of transformed growth. epithelial cells does not change the expression of
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with TM1-specific (top) and TM polyclonal (middle) antibodies, as 12. Bhattacharya, B., Prasad, G. L., Valverius, E. M., Salomon,
described in Fig. lB. (B) Ten thousand cells of MDA MB 231 and two D. S., and Cooper, H. L. (1990). Tropomyosins of human mam-
MDA MB 231/T cells were cultured in soft agar for 3 weeks, and the mary epithelial cells: Consistent defects of expression in mam-
colonies were enumerated as described under Materials and Meth- mary carcinoma cell lines. Cancer Res. 50, 2105-2112.
ods. While MDA MB 231 cells grew in soft agar and formed 3660 13. Matsumura, F., Lin, J. J., Yamashiro-Matsumura, S., Thomas,
colonies, with MDA MB 231/T cells no growth was detected. G. P., and Topp, W. C. (1983). Differential expression of tropo-

myosin forms in the microfilaments isolated from normal and
transformed rat cultured cells. J. Biol. Chem. 258, 13954-

E-cadherin or P3-catenin, but results in the increased 13964.
detergent solubility of these molecules [311. Increased 14. Cooper, H. L., Feuerstein, N., Noda, M., and Bassin, R. H.
association with the cytoskeletal elements is also re- (1985). Suppression of tropomyosin synthesis, a common bio-
flected in the localization of E-cadherin and f3-catenin chemical feature of oncogenesis by structurally diverse retrovi-

to cell-cell boundaries of the revertant cells. Current ral oncogenes. Mol. Cell. Biol. 5, 972-983.
15. Cooper, H. L., Bhattacharya, B., Bassin, R. H., and Salomon,efforts are directed at investigating the biochemical D. S. (1987). Suppression of synthesis and utilization of tropo-

basis of these interactions. myosin in mouse and rat fibroblasts by transforming growth
factor alpha: A pathway in oncogene action. Cancer Res. 47,
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Abstract

Tropomyosins (TMs) are a family of microfilament binding proteins, which are suppressed in the transformed cells. We have
investigated the mechanism of suppression of TMs, in particular that of tropomyosin-I (TM I), in breast cancer cells. Inhibition
of DNA methyl transferase with 5-aza-2'-deoxycytidine (AZA) alone did not induce TM1 expression. However, combined
treatment of trichostatin A (TSA) and AZA resulted in readily detectable expression of TMI, but not that of other TM isoforms.
Upregulation of TMI expression paralleled with the reemergence of TM1 containing microfilaments, and in abolition of
anchorage-independent growth. The synergistic action of AZA and TSA in reactivation of TM1 gene was also evident in
ms-transformed fibroblasts. These data, for the first time, show that hypermethylation of TMl gene and chromatin remodeling
are the predominant mechanisms by which TM1 expression is downregulated in breast cancer cells. © 2002 Elsevier Science
Ireland Ltd. All rights reserved.

Keywords: Tropomyosin; Methylation; Histone acetylation

1. Introduction thus suggesting that individual TMs may differ in
their biological functions. For example, TML, a high

Tropomyosins (TMs) are important actin binding M, TM isoform with 284 amino acids, is expressed in
"proteins that stabilize microfilaments from the action fibroblasts and epithelial cells, but not in skeletal
of gel severing proteins [1,2]. Non-muscle cells elabo- muscle tissue. TM1 has been shown to bind to actin
rate multiple isoforms of TMs, some of which are with a higher affinity, and its interactions with actin are
expressed with a high degree of tissue specificity by preferentially promoted by other TM isoforms, or other
alternate splicing. TMs are generally grouped into high actin binding proteins such as caldesmon.
(284 amino acids) and low (248 amino acids) M, The expression of high M, TMs is downregulated in
species, and they share significant sequence homology transformed cells [1,2]. Two reports indicate that
among the individual isoforms and across the species. downregulation of TMs is rapid and precedes the
Nevertheless, TMs exhibit substantial diversity in morphological transformation of growth factor
terms of their size, binding affinity to actin, subcellular induced transformation [3,4]. Studies on the mechan-
localization and in interactions with other proteins, ism of downregulation of tropomyosins in fibroblasts

suggested that both MEK-dependent and -indepen-
* Corresponding author. Tel.: + 1-336-716-2788; fax: + 1-336- dent signaling pathways are involved [5,6].
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in breast cancer cells, multiple TM isoforms are These values represent a quantitative measure of the
suppressed [7]. Additionally, the expression of TMl changes in the gene expression.
was consistently lost in breast cancer cells, indicating Cell lysates were prepared using Tris buffer
that loss of TM1 expression could be a common containing 1% NP-40, 0.5% deoxycholate and a cock-
biochemical event in mammary carcinogenesis. tail of protease inhibitors [12]. Two different antibo-
Further investigations revealed that restoration of dies were used to assess TMI expression: a polyclonal
TM1 suppresses the malignant phenotype of onco- antibody that recognizes multiple TM isoforms
gene-transformed cells and breast cancer cells, [7,12]; and, a TMl-specific antibody. A 45 amino
suggesting that TMl is a general suppressor of acid region of TMI (171-215 aa; [15]) was used to
neoplastic growth phenotype [8-10]. The focus of generate an anti TMl-specific antibody in rabbits.
the present work is to elucidate the mechanism of This antibody specifically recognizes TMI, but
downregulation of TMl in breast cancer cells. Several shows little or no reactivity against other TM
important genes involved in a wide range of pivotal isoforms. Fifty micrograms of cellular proteins were
cellular processes are transcriptionally silenced by routinely analyzed in western blotting experiments.
gene methylation in breast cancer [11]. Therefore, The blots were stripped and reprobed with anti ct-
we examined the role of promoter methylation of tubulin antibody for load controls. After the chemilu-
TMl gene as a possible mechanism in the loss of minescence reaction, the exposed X-ray films were
TMl expression in cancer cells. scanned and the signals were quantitated on the

Typhoon imager. The ratios of the signal obtained
with TM antibody and cx-tubulin were used as a

2. Materials and methods measure of changes in gene expression.
Immunofluorescence microscopy was performed

Cell culture and drug treatments: MCF-7 and MDA essentially as described previously, using a TM anti-
MB231 cells were purchased from ATCC, and the body that recognizes multiple TM proteins [12].
sources and culture conditions of MCF10A and DT Anchorage-independent growth assays were perform-
cells have been previously described [7,12]. 5-Aza-2'- ed in soft agar according to the previously published
deoxycytidine (AZA) was added to the subconfluent procedures, except with the addition of AZA and TSA
cultures at a final concentration of 8.8 p.M. For the [8,10]. The drugs were added to the top agar at the
experiments involving combined treatment of AZA concentrations indicated above, and the cultures were
and TSA, TSA was added to the culture medium at fed with or without (control) the appropriate drugs
300 nM after pretreating the cells with AZA for 24 h. every 48 h. The samples were viewed with Olympus
The cells were routinely harvested as indicated. BX 60 microscope at 4 X magnification (objective),

RNA isolation and northern blotting for the and the individual colonies were enumerated.
expression of TMs was performed as described else- The potential methylation islands on the TMI gene
where [12]. For detection of TMI, a full length were identified by GrailEXP v3.2 program (http://
cDNA encoding TM1 was used and the membranes compbio.ornl.gov/grailexp).
were washed at high stringency (0.1 X SSC at
65°C). To detect the low Mr TM isoforms TM4
(3.0 kb mRNA) and TM5 (2.3 kb mRNA), probes 3. Results and discussion
M1401 and M29, respectively, were used at the
high stringency conditions [13,14]. We also used a 3.1. Isolation of TM] gene
probe, M1558, which recognizes TM1 and other
muscle-type TM mRNAs. The northern blots were In breast carcinoma cells, TM1 expression is
routinely stripped and reprobed with [3-actin or completely and consistently abolished. To investigate
GAPDH probes for load controls. The signals were the mechanism of inhibition of TMI expression,
quantified by a Molecular Dynamics phoshor imager human TMI gene was isolated by polymerase chain
(Typhoon 8600), and the ratios obtained with a speci- reaction (PCR) screening of a BAC library. A single
fic probe and 3-actin (or GAPDH) were calculated. BAC clone was isolated and the presence of TMI
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gene was confirmed by exon specific PCR, restriction TM!, TM38 and TM2 isoforms, as shown by two-
digestion mapping and partial sequencing. The BAC dimensional gel analyses [7]. We have used
clone contained the entire TMI gene consisting of 11 MCF10A cells as controls for normal mammary
exons. TM1 is generated by alternate splicing from epithelial cells. It should be noted that MCFIOA and
exons 1-6, 8, 9 and 11 [ 16]. The sequence information MCF-7 are not isogenic cell lines, and therefore, only
obtained was in agreement with the data deposited in a qualitative comparison of TM expression profiles
GenBank (accession numbers: AF209746 and between the cell types is possible (Kalyankar et al,
AL133410), and therefore, is not shown. manuscript submitted). To investigate the mechanism

Computer analysis of the 5' untranslated region of TM1 gene silencing, MCF-7 cells were treated with
(5'UTR) indicated the presence of three potential an inhibitor of DNA methyl transferase (DNMT), 5-
locations for methylation of cytosines residues in the aza-2'deoxycytidine (AZA) for 24 h, and RNA and
CpG islands: -1252 to -861; -712 to -433; and, protein were analyzed for TM! expression, as
-204 to + 117, with 'A' of initiation codon numbered described in Section 2. MCF-7 cells lack TMI
as + 1. These islands span a 1369 bp region in the mRNA and protein (Fig. 1A,B). Addition of AZA to
5'UTR through the first exon. Since the epigenetic the cultures resulted in a modest induction of TM1-
silencing of many key genes is effected by promoter specific 1.1 kb mRNA and TM1 protein. The level of
hypermethylation in cancers, including those originat- expression of TM1 attained with AZA alone was only
ing in breast, we have examined whether promoter barely detectable over the background. Prolonged
hypermethylation accounts for the loss of TMI culture with AZA for up to 9 days did not result in
expression in breast cancer cells [11,17]. further enhancement of TM! levels (data not shown).

Histones, in acetylated state, cause relaxation of

3.2. Hypermethylation and histone deacetylation of tightly supercoiled chromatin leading to improved

TM] gene in cancer cells accessibility of DNA binding proteins and transcrip-
tion factors to promoter region, culminating in gene

Transcriptional silencing of many genes occurs transcription [19,20]. Histone deacetylases promote
during development and disease conditions, including condensation of chromatin and gene silencing. There-
in cancer. Gene methylation and chromatin remodeling fore, we examined whether TM! expression is
allow reversible activation and inactivation of target repressed by this mechanism. In fact, several genes,
genes both permanently as well as transiently [17]. including estrogen receptor ca and gelsolin are regu-
Inactivation of thekey regulatory genes eitherby muta- lated by this mechanism [21,22]. Furthermore, inhibi-
tion and/or epigenetic regulation results in the same tion of histone deacetylase (HDAC) activity
biological consequence in that both processes disrupt suppresses the growth of breast cancer cells [23,24].
normal regulatory circuits. Epigenetic silencing of MCF-7 cells were incubated with trichostatin A
many classical tumor suppressor genes such as APC, (TSA), a well characterized inhibitor of histone deace-
BRCA 1, E-cadherin and Rb occurs in sporadic cancers, tylation for 24 h and analyzed for TM1 expression.
suggesting that hypermethylation is not a random TSA treatment did result in a very small increase in
event. Furthermore, many genes that are not fully docu- TM ! expression (Fig. 1). Extended culture of MCF-7
mented as tumor suppressors, or important regulators, cells with TSA alone up to 72 h did not induce TMI to
are inactivated by hypermethylation. It is likely that any higher levels (data not shown).
epigenetic regulation may be the primary mode of inac- We next evaluated the combined effect of inhibition
tivation for some regulatory genes [17]. For example, of DNMT and HDAC on TM! gene expression. It has
HIME1 (14-3-3(r) appears to be downregulated in been postulated that gene methylation and histone
breast tumor by promoter methylation [18]. deacetylation act as two layers in ensuring strong

Normal mammary epithelial cells express seven silencing of certain important genes in tumor devel-
different TMs, among which TM1 is a prominent opment, and FMR1 gene which is mutated in fragile X
isoform that is also found in fibroblasts [7]. In breast syndrome [17,25,26]. Consistent with this notion,
cancer cells, TM! expression is abolished, while the combined treatment of AZA and TSA resulted in
expression of other TMs varies. MCF-7 cells lack robust reactivation of genes such as hMLH1,
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A. lation and chromosomal compaction by histone
MCF-7 deacetylation are major mechanisms by which TMI

expression is silenced in breast cancer cells.
To investigate whether AZA and TSA mediated

+ induction is specific to TMI, or the expression of all
0o the TMs are generally upregulated by these drugs,

mRNA levels of two low M, TMs, were assessed.

* TMI mRNA We utilized a cDNA probe, M1558 that is known to
1.1kb hybridize with several high Mr TMs to monitor the

changes in the expression of TMI, TM2 and TM3
[13]. This probe showed the reactivation of TMI

-Atngene in the cells treated with AZA and TSA together,-Acti but not other TMs. The results obtained with M1558
probe are identical to those described in Fig. I A, and

B. MCF-7 therefore, the data are not shown. Under the condi-
tions of TM] induction in MCF-7 cells, no significant
change in the expression of TM4 and TM5 was

I detected by the drug treatment (data not shown).
C •These data indicate that expression of TM genes is

I differently regulated, and that only TMI expression
is inactivated by gene methylation in breast cancer

S.. TMI cells. Previous reports indicate that the changes in
.06 -,S- ,,,0 -- TM3 the expression of low M, TMs is not often downregu-

lated in cancer cells, and in some instances they are
0.95 1.27 6.2 1.5 TMlla-tubulin ratio upregulated to compensate the loss of high Mr TMs

[27].

t 4ý doom a-tubulin
3.3. Induced TM] participates in microfilament
assembly

Fig. 1. Induction of TMI by AZA and TSA. (A) Total RNA from the TM1 is an important actin binding protein. Previous
control MCF-7, AZA, TSA and AZA + TSA treated MCF-7 cells
was probed for TMI mRNA expression by a full length TMl work from this laboratory showed that enhanced
cDNA. For load controls, the same membrane was reprobed with expression of TMI results in microfilament reorgani-
P-actin probe. The ratio of TMl/R3-actin signal is given. Control zation in ras- and src-transformed fibroblasts, and in
MCF-7 cells lack TMI mRNA and therefore, the value indicates MCF-7 breast carcinoma cells [8-10]. To test whether
that of a background signal. (B) Immunoblotting of TMI protein. the induction of TM1 expression by AZA and TSA
Cellular extracts were analyzed by western blotting with a TM anti-
body. The positions of TMI and TM3 are indicated. For load would result in the incorporation of TM] in microfila-
controls, the membrane was reprobed with anti-a-tubulin antibody. ments, immunofluorescence microscopy was
MCF-7 cells lack TMl and the values represent background. TMI is performed (Fig. 2). The control MCF-7 cells lack
induced by a combination of AZA and TSA. the expression of TM1 and other TMs, and do not

exhibit well-developed TM-containing microfila-
CDKN2A, TIMP3 and FMR1 [25,26]. Therefore, we ments (panel a). However, MCF-7 cells do contain
tested whether AZA and TSA together would upregu- prominent actin filaments (panel b), possibly consist-
late TMI expression. Incubation of MCF-7 cells with ing of TM3, and other low Mr TMs (panel c). Similar
AZA for 24 h followed by AZA and TSA for another results (data not shown) were obtained when the cells
24 h (AZA total for 48 h) synergistically enhanced the were treated with either AZA or TSA alone. This
expression of TMI mRNA and the protein (Fig. IA,B, finding is consistent with the immunoblotting data
respectively). This finding indicates that hypermethy- which show a small increment in TM1 expression
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Fig 2, Reorganization of microfilaments by induced TM 1: control MCF-7 cells (panels a-c) and those treated by AZA and TSA (panels d-f)
were stained with anti-TM antibody (a, d), or phalloidin (b, e). The merged images are shown in panels c and f. The drug treatment induces TMI
expression, and the induced TMI participates in microfilament reorganization, as evident from d-f. The sizing bar indicates 10 Rim.

with either AZA or TSA. When the cells were primed sion of other key genes by AZA may contribute to the
with AZA, and treated with TSA, the presence of TM1 diminished growth in agar. In fact, key genes regulat-
containing microfilaments were clearly evident (panel ing growth such as retinoic acid receptor P32 and
d), and TM1 was colocalized with actin in those fila- glutathione transferase P1 gene are activated by
ments (panels e and f). AZA treatment of MCF-7 cells [11]. Furthermore,

methylation profiling of genes revealed that several

3.4. Suppression of the transformed growth by AZA genes are regulated by promoter methylation in breast

and TSA cancer [28,29]. Reactivation of these genes or the
tumor suppressor genes may be responsible for

Data from this laboratory show that TM1 is a suppression of soft agar growth of AZA-treated
suppressor of the malignant growth phenotype [8- MCF-7 cells. A more pronounced suppression (82%)
10]. To determine whether AZA and TSA inhibit in the anchorage-independent growth was accom-
the anchorage-independent growth - a hallmark of plished in the presence of both AZA and TSA,
the neoplastic growth, MCF-7 cells were cultured confirming the synergistic action of these two drugs.
with AZA, TSA and together with AZA and TSA in A recent report [30] indicating that AZA and TSA
soft agar. Control MCF-7 cells grew rapidly and synergistically upregulate estrogen receptor ca gene
formed colonies in soft agar (Fig. 3). The presence and retinoic acid receptor P3, and kill MDA MB231
of AZA suppressed the colony formation appreciably cells, is in agreement with our finding that a combina-
(76%), while TSA alone was marginally (9.4%) effec- tion of these two drugs is effective in abolishing the
tive. These data indicate that alterations in the expres- anchorage-independent growth.
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Fig. 3. Effect of AZA and TSA on the anchorage-independent growth. MCF-7 cells were cultured with either AZA, TSA and AZA + TSA, and
counted, as described in Section 2. Photomicrographs of culture plates and the quantitative data are shown. Although AZA treatment decreases
colony formation, the combined treatment of AZA and TSA is more effective in suppressing anchorage-independent growth.

3.5. Induction of TM] expression in other cancer cells shown), supporting the notion that prior demethyla-
tion of TM1 gene may be a requirement for the chro-

To investigate whether gene hypermethylation and matin decompaction by acetylated histones, and
histone deacetylation account for the silencing of ultimately TMl gene transcription [25]. Correspond-
TM1 gene in other malignantly transformed cells, ingly, TM1 protein was detected in the cell lysates of
we assessed TM1 expression in two different cell the cultures treated with AZA and TSA (Fig. 4B, top
lines. In MDA MB231 breast cancer cells, the panel). As observed with MCF-7 cells, culturing
1.1 kb mRNA that codes for TM1 protein is lacking MDA MB231 cells with either of the drugs, or
(Fig. 4A). As observed with MCF-7 cells, only the together did not result in significant changes in the
combined treatment of AZA and TSA reactivated expression of TM4 and TM5 (data not shown).
the expression of TM1 mRNA. MDA MB231 cells DT cells are ki-ras transformed NIH3T3 cells
also express an epithelial cell-specific TM isoform, which are extensively used in this laboratory to
TM38, which comigrates with TM1 (Fig. 4B, bottom study the role of cytoskeletal proteins in the cellular
panel) [7]. Therefore, an antipeptide antibody that transformation [31]. The DT cells express TMI at
recognizes TMI with a high degree of specificity -Ž50% of the levels found in NIH3T3 cells, and essen-
was used to assess TM1 expression in this cell line tially undetectable levels of TM2 and TM3 [8,31]. In
(Fig. 4B, top panel). Immunoblotting with this anti- DT cells, TM1 RNA expression is downregulated to
peptide antibody reveals the presence of TM1 in 50% levels found in NIH3T3 cells (Fig. 5A). In
MCF10A cells, but not in MDA MB231 cells. contrast to the breast cancer cells, AZA treatment

Treatment of cells with either AZA or TSA did not produced a two-fold enhancement of TM 1 mRNA,
result in the restoration of TM1 mRNA or protein as evident from TMl/GAPDH ratios. TSA treatment,
levels (Fig. 4A,B). Pretreatment of MDA MB231 on the other hand, was less effective in upregulating
cells with AZA, followed by addition of AZA and TMI mRNA. Once again, the combined treatment of
TSA, produced a significant induction of TM1, AZA and TSA resulted in a further upregulation of
suggesting that inhibition of DNMT and HDAC are TMI mRNA (->three-fold).
required for reactivation of TM1 expression. TMI protein levels in DT cells are suppressed by
However, pretreatment of either of the breast cancer about 65%, as measured by TM1/ua-tubulin ratios,
cell lines with TSA followed by addition of AZA did when compared to normal NIH3T3 cells (Fig. 5B),
not upregulate the expression of TM1 (data not exceeding the 50% decrease in mRNA levels. AZA
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A. MDA MB 231 tion and chromatin conformation in regulating TMI
gene expression in tumor cells.

< In addition to TMI, another high M, TM isoform,
TM2 was reactivated when treated with AZA andLL- TSA (Fig. 5B). However, TM2 expression was

substantially lower than in NIH3T3 cells. Reactiva-
tion of TM2 expression was not observed in MCF-7,
or MDA MB231 cells, pointing to the differences in

~ TMIthe regulation of TM 'proteins in different cancer cells.
Thus, while TMO3 gene is generally inactivated by

22.6 1.6 1.4 3.9 TM1lactin ratio gene methylation in cancer cells, it appears that down-
regulation of TMa gene (which codes for TM2 and
TM3) via promoter methylation may occur more
specifically in ras transformation.

B. MDA MB 231 TMl was suggested to belong to the class II tumor
< suppressors, which are transcriptionally silenced
P 0 during the malignant transformation of cells [32].
+. Data presented in this communication indicate that

0 promoter hypermethylation and chromatin remodeling
S!-by histones are primarily involved in silencing of TMl

TM1 gene in the malignant cells. However, there appear to
S .be additional posttranscriptional mechanisms govern-

ing the expression of TMI, as evident from Fig. 5.
As discussed above, loss of TMl expression is a

"- TM38+TMI common feature of many different malignant cells.
Suppression of high M, TMs, in particular that of
TM1 and TM2 occur very rapidly, before the morpho-

Fig. 4. Induction of TMI in MDA MB231 cells by combined treat- logical transformation is evident, suggesting that the
ment of AZA and TSA. (A) Northern blotting. For comparison,
RNA isolated from MCFIOA cells is included. Control MDA MB lOSS of TM may be an early event during tumorigen-
231 cells do not express TMI. (B) Immunoblotting of drug treated esis. Therefore, the loss of TM1 expression may serve
cellular lysates for TM1 expression. The MDA MB231 cells express as a potential biomarker. However, because of the
an epithelial specific TM isoform, TM38, which comigrates with high degree of sequence homology among the TMs,
TMI. The polyspecific TM antiserum detects TM38 and TMI, and and a high degree of expression in the stromal and
therefore the signal is present in both control and treated MDA smooth muscle components of the tissue block has
MB231 cells (bottom panel). MCFIOA cells express both TMI
and TM38. A TMl-specific antibody recognizes only TMI, but rendered the assessment of TMI in human tumors
not TM38. Therefore, a signal is detected in MCFIOA cells, but difficult. Therefore, determination of the methylation
not in untreated MDA MB231 cells, or those treated with either status of TMI gene may be useful in developing an
AZA or TSA (top panel). TMI expression, however, is induced approach to analyze and utilize TM1 expression as a
by the combined treatment of AZA and TSA. prognostic indicator. Furthermore, since TMI is a

suppressor of the malignant growth, the induction of
treatment of DT cells resulted in about 40% increase TMI protein may contribute to the antineoplastic
in TMI expression compared to control DT cells. In properties of AZA and TSA.
addition, TSA treatment also enhanced TMl expres-
sion to a much lesser, but to a detectable degree
(12%). Combined treatment of DT cells with AZA Acknowledgements
and TSA produced further enhancement in TMI
protein levels (53% increase) compared to the control G.L.P. is a recipient of a Career Development Award
DT cells, underscoring the role of promoter methyla- (DAMD-98-1-8162) of the Department of Defense
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Fig. 5. Induction of TMI expression in ras-transformed fibroblasts: (A) Northern blotting for TMI expression. Total RNAs from NIH3T3, DT
(ras-transformed NIH3T3 cells), along with DT cells treated with the drugs were isolated and probed with a full length TM L. The ratios of TM I /
GAPDH signals are given. TMI expression is induced significantly by AZA or AZA and TSA treatment. (B) Induction of TM proteins by AZA
and TSA: cell lysates were immunoblotted using a polyspecific TM antibody. Treatment of DT cells with AZA significantly induced TMI
expression. However, the combination of AZA and TSA synergistically enhanced TM I expression, and also reactivated TM2.
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Furrow-Specific Endocytosis during Cytokinesis of Zebrafish Blasto-
meres. By Bo Feng, Heinz Schwarz, and Suresh Jesuthasan .................. 14

Two well-known aspects of cytokinesis in animal cells are contraction of an actinomycin ring and
targeted secretion at the furrow. This paper introduces another event of cytokinesis, which is
furrow-specific endocytosis. Using fluorescent dyes, endocytosis is shown to take place only at the
furrow during blastomere cleavage in zebrafish embryos. Endocytosis occurs via clathrin-coated
pits, and possibly also via caveolae. When endocytosis is blocked with chemical inhibitors, cytoki-
nesis fails to complete normally. These observations provide a potential explanation for findings in
Dictyostelium and C. elegans that mutations in genes involved in endocytosis often have a cytoki-
nesis phenotype, and corroborate findings in mammalian cells that caveolae are concentrated at
the cleavage furrow.

The WASP-Binding Protein WIRE Has a Role in the Regulation of the
Actin Filament System Downstream of the Platelet-Derived Growth
Factor Receptor. By Pontus Aspenstr6m ....................................... 21

Members of the Wiskott-Aldrich syndrome protein (WASP) family of proteins have emerged as
important regulators of actin polymerization in eukaryotic cells. In patients suffering from the
severe immunodeficiency disorder Wiskott-Aldrich syndrome (WAS), the gene for WASP is mu-
tated and most of the mutations affect the N-terminal WASP homology 1 (WH1) domain. One
possible explanation for the disease is that the WHI domain binds criticalmediators of WASP
signaling and the interaction -withthese factors is lost in WASP from WAS patients. A newly
identified protein, WIRE (WIP-related), was found to bind the WH1 domain of WASP family
proteins and to have a profound effect on the organization of the actin cytoskeleton. WIRE did not
bind to a mutant WASP from WAS patients, implicating WIRE as a critical mediator of WASP
signaling to the actin cytoskeleton.

Suppression of the Transformed Phenotype of Breast Cancer by Tropo-
myosin-1. By Kalyankar Mahadev, Gira Raval, Shantaram Bharadwaj,
Mark C. Willingham, Ethan M. Lange, Barbara Vonderhaar, David Salomon,
and G. L. Prasad ...................................................................... 40

Consistent with the hypothesis that suppression of cytoskeletal proteins facilitates the neoplastic
growth, downregulation of tropomyosins, a family of cytoskeletal proteins, is commonly observed in
many transformed cells. However, besides stabilizing microfilaments, the possible involvement of
tropomyosins in maintaining normal growth and whether the loss of tropomyosins contributes to
the progression of human malignancies have remained uncertain. Mahadev et al. show that
restoration of tropomyosi-1 expression in two prototype humn breast carcinoma ces inhbits the
neoplastic growth. Expression of tropomyosin-1 in breast cancer cells induces morphological and
growth properties that are characteristic of normal cells. These findings, together with the previous
work, demonstrate that tropomyosin-1 is a novel, general suppressor of malignant transformation.
These studies illustrate how normal cytoskeletal proteins regulate growth and also underscore
their potential new roles in cell physiology.

Semaphorin 3E/Collapsin-5 Inhibits Growing Retinal Axons. By Karin
Steinbach, Hansjiirgen Volkmer, and Burkhard Schlosshauer ................... 52

During development of the nervous system, outgrowing nerve fibers must be directed to their
correct targets and should avoid incorrect regions. Proteins that inhibit/repulse incorrectly growing
axons appear to play a crucial role. Using time-lapse video recording of ganglion cells (RGCs) of the



TROPOMYOSIN-1, A NOVEL TUMOR SUPPRESSOR AND A BIOMARKER.

Gira Raval, Shantaram Bharadwaj, Edward Levine', Mark Willingham2, Randolph Geary' and G.
L. Prasad.
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During the neoplastic transformation of mammary epithelial cells, a number of changes in the gene
expression occur. A careful analysis of these biochemical changes is necessary for developing better
biomarkers, and designing of targeted therapies to treat breast cancer. Earlier work from this laboratory has
identified the loss of expression of tropomyosin isoform I (TM1) as a common biochemical change in the
breast cancer cell lines, suggesting that suppression of TMI may be a key event during mammary
carcinogenesis.

TMs are a family of cytoskeletal proteins that bind to and stabilize actin microfilaments. We hypothesized
that loss of TMs, in particular, TM1, results in the formation of defective microfilaments, which in turn,
contributes to the neoplastic phenotype. To test whether the loss of TMl expression is a causal event in
mammary carcinogenesis, we restored the expression of TMI in MCF-7 cells and demonstrated that TM1
reverts the malignant growth of MCF-7 cells. These results are consistent with our previous data, which
show that TM1 reverts the transformed growth of oncogene-transformed cells, and suggest that TM1 is a
suppressor of transformation.

Lack of isoform-specific antibodies, together with the presence of TM1 in the stromal fibroblasts and the
smooth muscle component of the blood vessels, have complicated the analysis of TM1 in the patient
derived specimens. Therefore, we have taken two approaches to determine TM1 expression in breast
tumors.

First, we have employed in situ hybridization to assess TM1 expression in 25 normal and 25 breast tumor
tissue specimens collected at the Wake Forest University School of Medicine. Second, a TMl-specific
antibody was generated and used for the immunohistochemical analysis of the breast tumor tissues. By
both methods we find that TM1 expression was readily detectable in the normal ductal epithelium, but all
of the tumor tissues essentially lacked TML. These results, for the first time, demonstrate that the loss of
TM1 expression is a common biochemical event in breast cancer.

We also determined the mechanism of downregulation of TMI in breast cancer cells. TM1 gene is silenced
epigenetically by promoter methylation and chromatin remodeling, and that reactivation of TM1 gene
requires inhibition of gene methylation and histone deacetylation. Re-expression of TMI correlated with
microfilament reorganization, and in abolition of the anchorage independent growth.

In summary, these data show that the epigenetic events silence TM1 during the early stages of mammary
carcinogenesis. Restoration of TM1 expression is adequate to revert the malignant growth of breast cancer
cells. These data suggest that loss of TMl expression may be a key biochemical change in the malignant
transformation of breast epithelium, and that TM1 could be used as a novel biomarker of breast cancer.
Furthermore, strategies based on restoring TM1, or key pathways of TM 1-mediated tumor suppression may
be ideal molecular targets for breast cancer therapy.

The US Army Medical Research and Materiel Command under DAMD17-19-1-9395 and DAMD-19-1-
8162 supported this work.
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Molecular basis of suppression of the malignant growth phenotype by tropomyosin-1.

G. L. Prasad and Shantaram Bharadwaj.
Tropomyosins (TMs) are a family of actin-binding proteins that bind to and stabilize
microfilaments from the action of gel severing proteins. In non-muscle cells, TMs protect
microfilaments by associating with f-actin in a head to tail. Suppression of high
molecular weight TM isoforms is a common biochemical change found in many
malignantly transformed cells. We have hypothesized that the loss of TM expression in a
majority of malignant cells contributes to the formation of disorganized microfilaments,
which in turn, contributes to the neoplastic growth. We have shown that tropomyosin-1
isoform (TM1) reorganizes microfilaments and abolishes the neoplastic growth of
malignant cells in an isoform-specific fashion. Since the amino and carboxy termini of
TMs regulate TM functions, we investigated the role of amino terminal region of TMl in
growth modulation and microfilament reorganization.

A variant of TM1, consisting of an epitope tag at the N-terminus, was generated and
introduced into ras-transformed NIH3T3 cells by stable transfection. Unlike the case with
the wild-type TM1, expression of the variant TM1 was unable to reorganize
microfilaments. More significantly, the variant TM1 failed to suppress the anchorage-
independent growth of ras-transformed cells. These results suggest that the termini of
TM1 molecule are critical determinants of the ability of TM1 to reorganize the
cytoarchitecture and to induce a revertant growth. On going studies are focused on the
ability of the tagged TM1 to associate with other TMs, or to form homodimers as a
possible cause for the failure to suppress transformed growth and restoration of
microfilaments. These data, for the first time, demonstrate in vivo that the N-terminal
sequences of TMI are critical determinants of microfilament organization and growth.


